We report results of a re-analysis of archival Spitzer IRAC direct imaging surveys encompassing a variety of nearby stars. Our sample is generated from the combined observations of 73 young stars (median age, distance, spectral type = 85 Myr, 23.3 pc, G5) and 48 known exoplanet host stars with unconstrained ages (median distance, spectral type = 22.6 pc, G5). While the small size of Spitzer provides a lower resolution than 8m-class AO-assisted ground based telescopes, which have been used for constraining the frequency of 0.5 -13 M J planets at separations of 10 − 10 2 AU, its exquisite infrared sensitivity provides the ability to place unmatched constraints on the planetary populations at wider separations. Here we apply sophisticated high-contrast techniques to our sample in order to remove the stellar PSF and open up sensitivity to planetary mass companions down to 5 ′′ separations. This enables sensitivity to 0.5 -13 M J planets at physical separations on the order of 10 2 − 10 3 AU , allowing us to probe a parameter space which has not previously been systematically explored to any similar degree of sensitivity. Based on a colour and proper motion analysis we do not record any planetary detections. Exploiting this enhanced survey sensitivity, employing Monte Carlo simulations with a Bayesian approach, and assuming a mass distribution of dn/dm ∝ m −1.31 , we constrain (at 95% confidence) a population of 0.5 -13 M J planets at separations of 100 -1000 AU with an upper frequency limit of 9%.
Introduction
The plethora of confirmed exoplanets to date is dominated by a population of planets within 5 -6 AU of their host star. This has been due to the success of large-scale radial-velocity (Butler et al. 1996; Vogt et al. 2000; Mayor et al. 2003 ) and transit surveys (Pollacco et al. 2006; Baglin et al. 2009; Koch et al. 2010) , which are biased to short separation planets and whose typical duration limit their ability to detect periodicities on the order of 10's of years. Such surveys account for a combined detection of ∼ 1900 planets (See http://exoplanet.eu and http://exoplanetarchive.ipac.caltech.edu/), > 90% of the entire exoplanet population. This sample enables statistically significant trends to be uncovered between planetary / host star properties and planet frequency, which in turn allows for planet formation and evolution theories to be stringently tested and constrained. However formation scenarios and evolutionary paths for wide giant planets with separations >> 5 -6 AU continue to prove challenging to constrain. This is due to a lack of systematic explorations by surveys with a sufficient degree of sensitivity and statistically robust population analyses.
Direct imaging provides the most viable technique to probe for giant planets at such wide separations. Extensive work has been carried out to expand the sample of wide giant planets through detection in largescale direct imaging surveys (Masciadri et al. 2005; Biller et al. 2007; Lafrenière et al. 2007b; Kasper et al. 2007; Chauvin et al. 2010; Leconte et al. 2010; Ehrenreich et al. 2010; Carson et al. 2011; Janson et al. 2011; Vigan et al. 2012; Delorme et al. 2012; Biller et al. 2013; Chauvin et al. 2015) . Whilst these surveys typically record non-detections, several planetary mass wide companions have been found, indicating that although these types of planets may be rare (Nielsen & Close 2010) , they do exist with some frequency throughout the galaxy. By subjecting these imaging surveys to statistical analysis, an upper limit on this frequency can be determined. Concurring frequency upper limits have been found for wide giant planets over a separation range on the order of 10 1 -10 2 AU, corresponding to the parameter space at which observations are sensitive to Jupiter mass companions. These limits are shown in Table 1 .
Sensitivity is confined to this range due to instrumental limitations. Imaging surveys typically favour the use of adaptive optics (AO) corrected instruments on 8m class ground based telescopes. The high angular resolution afforded by such instruments provides sensitivity to planetary mass companions at small separations, down to the order of 10 AU, inside of which the required contrast becomes unachievable as one approaches the core of the near diffraction limited point spread function (PSF). The outer sensitivity limit stems from anisoplanatism, where AO delivers poor wave front correction at increasing separation due to the different propagation paths and hence varying wave front distortion experienced by off-axis light. This substandard correction results in a decrease in image quality and therefore a reduction in sensitivity at large separations. Typical values for the isoplanatic angle, where distortion is statistically uniform allowing for good AO correction, are 10 ′′ -20 ′′ in the near infrared (NIR) (Sandler et al. 1994; Fritz et al. 2010) , and thus imaging instruments are typically restricted to this field of view (FOV). This has severely limited sensitivity to planetary mass companions at separations beyond the order of 10 2 AU, for typical nearby targets.
Conducting imaging surveys from space based telescopes would negate this effect, however their small aperture diameters produce large diffraction limited PSF's, severely limiting their application for direct imaging of planets. Still, Marengo et al. (2006 , 2009 have shown that the Spitzer space telescope is capable of sensitivity to planetary mass companions at large angular separations, within the background noise limited regime, with their studies of ǫ Eri and Fomauhaut. Recent studies of Vega, Fomalhaut and ǫ Eri by Janson et al. (2012 Janson et al. ( , 2015 have demonstrated that sensitivity to planetary mass companions is achievable with Spitzer within the PSF noise-limited regime, with the application of sophisticated high-contrast reduction techniques.
Therefore we implemented a sophisticated PSF subtraction technique to enhance the sensitivity of archival Spitzer imaging surveys, enabling sensitivity to planetary mass companions over a separation on the order of 10 2 -10 3 AU. This parameter space has not previously been systematically explored by surveys to a sufficient degree of sensitivity, leaving the population of giant planets at these separations poorly constrained.
While the formation and origin of such wide orbit giants proves difficult to explain, their existence has been confirmed with the detection of several planetary mass companions e.g. 1RXS (Naud et al. 2014) . Whilst core accretion and gravitational instability modes cannot readily explain the formation of such planets in situ (Ida & Lin 2004; Boss 2006; Rafikov 2007; Dodson-Robinson et al. 2009 ), and disk interactions cannot viably migrate planets out to ∼ 10 3 AU, beyond the typical confines of the disk (Isella et al. 2009 ), several theories have been developed in an attempt to account for planetary existence at these large orbital separations.
One suggestion is that such a planetary system could be the result of dynamical capture of freefloating planets during dispersal of a stellar cluster. Simulations found this capable of producing planets at separations of > 50 AU (Parker & Quanz 2012) and 10 2 -10 5 AU (Perets & Kouwenhoven 2012) . As an alternative, planet-planet scattering, in which multiple planets gravitationally interact after disk dissipation, can result in dynamical scattering of a planet out to wide separations on the order of 100's of AU (Rasio & Ford 1996; Veras & Armitage 2004; Chatterjee et al. 2008; Jurić & Tremaine 2008) . Dynamical simulations by Veras et al. (2009) show these interactions capable of scattering giant planets out to separations of 10 2 -10 5 AU. However they find the population of planets that eventually end up in unbound orbits passing through these wide separations to be larger than the population on stable orbits. The total population of wide giant planets then decreases on timescales of ∼ 10 Myr to produce a significantly depleted population at ages > 50 Myr where the majority of planets have been ejected from the system.
Constraining the population of giant planets at separations of 10 2 -10 3 AU is essential for assessing the relevance of these theories, and allowing for stringent constraints to be placed on formation and evolution modes out to 1000's of AU.
Target Sample
Our target list is compiled from archival Spitzer data based on proximity and youth. Such targets prove favourable to imaging searches for planetary companions as young giant planets are intrinsically bright in the near infrared due to heat retention from formation. This brightness decreases as the planet ages and the heat dissipates (Baraffe et al. 2003; Burrows et al. 2003; Fortney et al. 2008) . Younger targets therefore provide imaging sensitivity to a greater range of companion masses for a given detection threshold, compared to relatively older stars, allowing for detection of lower mass planets. Stars within close proximity to Earth provide sensitivity to companions over a greater range of physical separations for a given detection threshold at a specific angular separation, compared to a relatively distant target, allowing for detection of shorter period planets for a given mass sensitivity.
This motivates our choice of stars from the archival Spitzer program 34 (P34) for enhanced imaging analysis. This program targeted 73 nearby (< 30 pc), young stars and therefore provides an ideal basis for the sample of targets chosen here. Multiple age indicators including X-ray luminosity, chromospheric activity, Lithium abundance, rotation and photometric colour were originally used to select targets for P34 with ages below 120 Myr. We find these age estimates to be overly optimistic. Using a number of sources (e.g. Montes et al. 2001b; Torres et al. 2008; Maldonado et al. 2010; Malo et al. 2013) , we identify 55 of these targets to be members of young moving groups (YMGs) and place conservative age limits on the targets corresponding to reliable age estimates of YMGs taken from the literature; these age estimates are given in Table 2 . We then place conservative age limits on the remaining targets combining literature age estimates encompassing several techniques (e.g. Mamajek & Hillenbrand 2008; Plavchan et al. 2009; Tetzlaff et al. 2011; Vican 2012) . The median target age is 85 Myr, although age limits range from 8 to 1050 Myr. The exception to this is HD 124498. Malo et al. (2013) identifies this target as a probable member of the β Pictoris YMG. However Chauvin et al. (2010) use several age dating techniques to reclassify HD 124498 as an older system with an age ≥ 100 Myr. We therefore place an age of 12 Myr -10 Gyr on HD 124498 to ensure any statistics encompassing age estimations produce conservative results. The median target distance, spectral type and H band magnitude are 23.3 pc, G5 and 5.289 respectively.
We choose an additional archival Spitzer program to add to our target sample, program 48 (P48). This program targeted 48 nearby (< 35 pc) stars with known planetary companions, discovered via radial velocity. As such, these planets are on relatively short orbits, spanning a parameter space currently inaccessible to direct imaging techniques. These exoplanet host stars are relatively old and no confident age limits can be found for the majority of the sample throughout the literature. For consistency, and to justify that any derived statistical result represents a conservative limit, we adopt a conservative age of 1 Gyr -10 Gyr for all P48 stars. This age range spans the breadth of poorly constrained literature ages for the majority of the sample. The exceptions to this are HD 13507, HD 1237 and AF Hor, which are identified as members of YMGs with independent literature age estimates that support the association membership. Whilst these targets may prove unfavourable to a deep imaging study, due to their extended ages, the strength in their addition to the sample is that they provide an additional 48 references to aid in PSF reduction of the 73 P34 stars, contributing to an increase in achievable contrast and sensitivity to smaller mass companions. P48 was executed under the exact observational parameters as P34. (Malo et al. 2013) Along with P48 encompassing a similar spectral sample of stars as P34, median spectral type and H band magnitude G5 and 4.957 respectively, this ensures P48 targets provide sufficient P34 PSF references. The median distance of P48 stars is 22.6 pc. So whilst the age range of P48 stars limit sensitivity to low mass planets, their proximity ensures sensitivity to larger mass planets over a wide range of separations. Therefore their inclusion our sample for reduction and analysis as well as providing additional references is justified. However we note the potential bias introduced to any population constraint statistically derived from a deep imaging search encompassing a sample of stars hosting short period planets. If we consider planetplanet scattering to be a relevant mechanism for giant planet production at 10 2 -10 3 AU separations, the presence of a detected planet at a separation comparable to where a wide giant planet is expected to initially form, incorporates some degree of bias into our statistics that we cannot quantitatively evaluate. Therefore we do not correct for this possible bias. The combined target properties are given in Table 3 .
Observations and Data Reduction
The combined 121 targets were observed with the Infrared Array Camera (IRAC; Fazio et al. 2004 ) on the Spitzer Space telescope (Werner et al. 2004 (Werner et al. ) under archival programs 34 and 48 between 2003 (Werner et al. and 2004 , during the cryogenic phase of the Spitzer mission. Images were obtained simultaneously at 3.6, 4.5, 5.8 and 8 µm (channels 1 -4 respectively). We choose Channel 2 as the primary channel to analyse based on evolutionary model predictions that planetary mass companions are at their peak luminosity within the 4.5 µm band (Barrafe et al. 2003) . Therefore this channel offers the best sensitivity for planet detection. We also analyse IRAC channel 1 images as a means to vet potential companions.
All targets were observed with a 30s frame time allowing for an effective exposure time of 26.8s per dither position. Each observation was carried out with a five-position Gaussian dither pattern. The Spitzer Science Center (SSC) IRAC Pipeline (version S18.25.0) performed data reduction for all observations, producing basic calibrated data (BCD) frames. This pipeline also produced corrected BCDs (CBCD) where saturated point sources have been fitted with unsaturated point sources by fitting an appropriate PSF that is matched to the unsaturated wings of the source. A final post basic calibrated data (PBCD) frame is then created by mosaicking the relevant CBCD frames at each dither position to produce a sub-pixelated image with a 0.6 ′′ per pixel resolution and a 5.2 ′ x 5.2 ′ FOV. Such saturation corrected images are unsuitable for a close companion search as pixels towards the PSF core may have been replaced with model pixel values, ensuring that any information about potential companion sources at these separations is lost. However we favour the use of PBCD's over BCD's due to the additional artifact correction performed on the former by the SSC IRAC pipeline. Therefore we generate a composite frame consisting of a PBCD image where saturation corrected regions, identified in the relevant mask files, have been replaced with pixel values generated from mosaicking the relevant BCD frames. These pixel values have been sub-pixelated to the equivalent 0.6 ′′ per pixel resolution. Figure 1 shows an example of such a composite PBCD / BCD image.
PSF Subtraction
We calculate the centre of each target PSF by the fitting of a 2 dimensional Gaussian, the centre of each image is then shifted to this position. Each image is then normalised by the central brightness of the stellar PSF, estimated from the saturation corrected images. This provides an image stack of target PSF's that have similar normalised flux values. We then mask the saturated cores of each image for subsequent image reduction. Each individual image is then robustly centred with respect to the stack by subtraction of a median stack image over a range of sub-pixel offsets. The offset producing the minimum residuals is then used to align each image. The image stack constitutes the library of PSF's used to construct a reference PSF for image subtraction. This accurate alignment of target PSF's then provides better performance of any reference construction, ultimately leading to improved sensitivity in any final reduced image.
Here we use Principal Component Analysis (PCA) to construct the optimal reference PSF to subtract from the target PSF. Variations of PCA such as PynPoint (Amara & Quanz 2012) and KLIP (Soummer et al. 2012) have the same underlying principle; a linear combination of orthogonal basis sets are used for reference construction. These basis sets represent the decomposition of the reference library into its principal components. The linear coefficients are then generated by the projection of the target onto each individual basis. PCA performed here follows a KLIP-based analysis.
We limit the PCA optimization to a 201 x 201 pixel sub-section of each 3.6 µm and 4.5 µm image, centred on the star. This corresponds to 2.01 ′ x 2.01 ′ FOV. This reduced area is chosen as a favourable trade off between algorithm efficiency and sensitivity to wide separations, with 2.01 ′ corresponding to separations on the order of 10 3 AU, at the typical target distance. PCA is performed on concentric annuli centred on the star. The radii of the annuli are chosen such that each annulus contains 1500 pixels. Reference annuli containing astronomical sources such as background stars, stellar companions or surviving bad pixels are excluded to prevent the algorithm from subtracting any true planetary PSF , and to prevent any fake planetary signal being injected into the final image. Since flux increases towards the PSF core, the larger flux values towards the inner region of each annulus dominate the weighting of the orthogonal basis. This may produce the lowest residuals but the outer annular regions will have experienced a substandard reduction. By performing PCA four times on each target and increasing the radius of the inner saturation mask, and therefore shifting the radii of the 1500 pixel annuli, we ensure that each section of the frame has been encompassed by an inner annular region and experienced a full quality reduction. The final images to be analysed are then composites of these four separate PCA reduced frames whose constituent parts have experienced optimal reduction. A final PCA reduced image can be seen in Figure 2 .
PCA reduction is typically performed at neighbouring states of the telescope / instrument system and provides optimal PSF subtraction when carried out in tandem with angular differential imaging application, where the PSF remains quasi-static over the observation. Here we apply PCA to a sample observed at varying states of the telescope / instrument system taken over the course of one year, e.g. varying stellar magnitude, spectral type, telescope roll angle. Therefore, our study constitutes a trial of PCA on an unfavourable data set, testing its effectiveness at the limits of its application. Similar conditions are required for optimal PSF subtraction using LOCI (Lafrenière et al. 2007a ) and thus we favour PCA for its speed enhancement.
Image Sensitivity & Companion Identification
We evaluate the sensitivity in the final PCA reduced images at 5σ detection limits by relating the standard deviation in concentric 1 pixel width annuli centred on the star, to the zero-point flux of Vega using the method of Marengo et al. (2009) . This generates sensitivity values in units of Vega magnitudes. As any potential companion will suffer from partial flux subtraction during the PCA reduction, we must account for the throughput of sources in the sensitivity estimation. We inject synthetic companions into each target image at position angles 0
• and 90
• so as to cover spider and non-spider regions, at five pixel intervals out to the edge of the optimisation region, and estimate throughput after PCA application. The mean throughput is then calculated at each separation and linearly interpolated to produce throughput values for each pixel separation, consistent with sensitivity estimation in onepixel width annuli. The mean throughput over the image stack is then used for sensitivity estimation. We evaluate the performance of the PCA reduction by computing sensitivity curves for both PCA optimized and conventional PSF subtracted images (i.e., subtraction of a mean stack image) and calculating the sensitivity improvement provided by PCA for each target. The median sensitivity improvement curve is then generated. This curve, displayed in Figure 3 , shows that PCA offers superior image sensitivity at separations less than 20 ′′ , within the PSF noise-limited regime, and provides a median improvement of ∼ 0.9 magnitudes at separations less than 10 ′′ . This validates the application of PCA in a study encompassing a diverse sample of stars, observed at varying states of the telescope / instrument system. The ∼ 0.9 magnitude improvement in the contrast limited regime demonstrates the relevance of applying and developing sophisticated high-contrast techniques to archival Spitzer data, where we have enhanced sensitivity to planetary mass companions at relatively small angular separations. This allows for the possibility of subsequent planet detection within a previously elusive parameter space and enabling more stringent constraints to be placed on the wide giant population. In the background noise limited regime, separations greater than 20 ′′ , PCA does not provide any sensitivity improvement over regular PSF subtraction. This is due to the random nature of background noise which PCA cannot reference.
We use two initial criteria to identify potential planetary mass companions. Firstly each 4.5 µm reduced image is visually inspected to identify realistic PSF shapes, allowing real sources to be distinguished from potential surviving bad pixels. Any realistic PSF is then vetted for planetary candidacy by comparison of the 4.5 µm and 3.6 µm images. The spectral energy distribution of a non-irradiated 0.5 -13 Jupiter mass companion, at the typical ages of our sample, is such that planetary flux at 3.6µm is typically > 1 magnitude fainter than at 4.5 µm where peak emission occurs (Baraffe et al. 2003; Spiegel & Burrows 2012) . In contrast to a background star, which is expected to be approximately equally bright in the 3.6 µm and 4.5 µm images, a planet detection recorded around the 5σ limit at 4.5 µm is not expected to be recovered to any reasonable significance at 3.6µm. This allows planetary sources to be distinguished from faint background stars without the need for a proper motion analysis. Therefore we look for source non-detection at 3.6 µm to confirm planet candidacy.
Results

Observational Sensitivities
Figures 4 and 5 show the 4.5 µm median sensitivity curves for the P34 and P48 stars respectively. Within ∼ 20 ′′ sensitivity decreases towards the PSF core where the residual PSF noise exhibits the largest variance, limiting sensitivity to lower magnitude companions. Outside ∼ 20
′′ PCA provides no sensitivity improvement and we are limited by background noise which tends to be constant, thus magnitude sensitivity at these separations is roughly constant. Figures 4 and 5 also map sensitivity as a function of projected physical separation out to ∼ 1400 AU at the median distance of P34 and P48 stars, 23.3 pc and 22.6 pc respectively. P34 and P48 stars provide comparative magnitude sensitivity limits.
These magnitude sensitivity limits can be translated into mass sensitivities using mass-luminosity evolutionary models. One caveat is the discrepancy between hot- (Chabrier et al. 2000; Baraffe et al. 2003; Burrows et al. 2003 ) and cold-start (Marley et al. 2007; Fortney et al. 2008 ) models, where the later predict much fainter planets at young ages. Here we will consider hot-start models which are consistent with existing observational data (Janson et al. 2011). However it can be noted that the models converge on the order of 10's of Myrs for low mass planetary companions (≤ 2M J ) and on the order of 100's of Myr for higher mass planetary companions (Spiegel & Burrows 2012 ). Thus our choice of model will not lead to significant disparity in mass sensitivity over the complete sample at the typical ages considered. COND-based models (Allard et al. 2001; Baraffe et al. 2003) , applicable for companion temperatures below 1700K, which is a relevant temperature range for 0.5 -13 M J companions at the sample ages, are used here.
The corresponding mass sensitivities for the median P34 and P48 magnitude sensitivities are shown in Figures 4 and 5. With P34 targets, sensitivity down to ≤ 2M J companions is achieved down to ∼5 ′′ , corresponding to ∼ 100 AU projected separation, whilst sensitivity down to 0.5 M J companions is achieved for separations 15 ′′ ( 350 AU). Whilst P34 and P48 stars provide comparative magnitude sensitivity limits, the extended ages of P48 stars ensure an equivalent low mass sensitivity cannot be achieved. Sensitivity to below 4 M J is typically not acquired, and sensitivity to 5 M J planets is limited to outside 20 ′′ (∼ 500 AU). Taking 13 M J as the upper mass limit for planetary objects, we are typically not sensitive to planets within 10 ′′ (∼ 200 AU) for these targets.
Candidate Companion Detection
Through comparison of 3.6 µm and 4.5 µm images we initially identify 36 candidates with realistic planetary mass colour. Figure 6 shows a typical candidate identification through a 4.5 µm source nondetection at 3.6 µm. These candidates are further vetted with a common proper motion analysis using a 2 nd epoch combining archival Spitzer data and observations carried out during Spitzer Cycle 11 under program 11102, repeating the original observations for several candidate host stars under the same observational parameters, with subsequent equivalent reduction. The target sample has a median total proper motion of 206 mas/yr, and over a baseline of 4 -11 years provided by the 2 nd epoch data, we can confidently identify co-moving planetary companions in an image with a 0.6 ′′ /pixel scaling. Four candidates recovered in a 2 nd epoch are revealed to be non comoving with the target star. Such sources are most likely rare background galaxies with unusual infrared colors, such as NGC 1377 which is brighter at 4.5 µm than 3.6 µm (Dale et al. 2005) . Non-detection of the remaining sources and inspection of the raw CBCD frames leads to their identification as bad pixels surviving the Spitzer Science Center IRAC Pipeline reduction. Therefore this survey records a null planet detection result.
Statistical Analysis
As in previous direct imaging surveys we exploit this null detection and the magnitude detection limits generated for each target to place constraints on the wide giant population through a coupling of Monte Carlo simulations and Bayesian analysis. Effectively the Bayesian analysis determines the population of wide giants, as an upper fractional limit of stars that harbour such a companion, that is consistent with the derived planet detection probability and the null survey result. We formulate our statistical analysis in the same fashion as previous works based on Carson et al. (2006) and Lafrenière et al. (2007b) . The relevance of this work is that with improved sensitivity in the PSF-noise limited regime, due to PCA application to archival Spitzer data, and the wide FOV providing background noise limited sensitivity, we have opened sensitivity to planetary mass companions over separations on the order of 10 2 -10 3 AU. This has been done for both young, P34, and relatively old, P48, stars, as seen in Figures 4 and 5 . With this enhanced sensitivity, we can significantly constrain the population of wide giants out to 1000 AU.
Detection Probabilities
To derive the planet detection probability for each target we simulate 10,000 planets, using a Monte Carlo approach to randomly sample planet mass, separation, orbital projection and age. Planet mass is sampled between 0.5 -13 M J , however the lack of constraints on the planet population over the parameter space explored here has ensured any constraints on mass distribution are correspondingly lacking. Therefore we assume a mass distribution of dn/dm ∝ m α where α = −1.31, extrapolated from statistical analysis of radial velocity studies (Cumming et al. 2008 ). In any case Chauvin et al. (2010) find the choice of semi-major axis power law index to dominate the derived detection probabilities in comparison to any variation in α. We choose to sample semi-major axis from a linear distribution between 100 -1000 AU. Studies (Nielsen et al. 2008; Nielsen & Close 2010; Chauvin et al. 2010 ) have found semi-major axis power laws reported by Cumming et al. (2008) to be invalid at the separations considered here, motivating our choice of a linear distribution. We then sample orbital projection factor using the method of Brandeker et al. (2006) which accounts for orbital phases, orientations and an eccentricity distribution of f (e) = 2e (predicted and observed for long period binaries; Duquennoy & Mayor 1991) , allowing true physical separations to be translated to projected physical separations. Projected separations are then converted to angular separations using the known stellar distance. Here we do not sample over any uncertainty in stellar distance as the revised Hipparcos measurements have good precision and thus the uncertainty in stellar age completely dominates the uncertainty in detection probabilities. Age is sampled between limits of reliable estimates from the literature, or between 1 and 10 Gyr for the majority of P48 targets with ages that are not well constrained. These ages are given in Table 3 . Applying COND-based evolutionary models and adopting sampled planetary properties, we can translate mass into magnitude and map each planet onto 5σ magnitude sensitivity curves. The fraction of planets that lie above the detection limit provides We additionally choose to perform simulations over varying mass and separation ranges in order to constrain the wide giant population as a function of mass and separation. Mass range will be varied between [0.5, m max ] M J with m max ranging from 1.0 -13.0 M J in increments of 0.5 M J . Separation range will be varied between [a min , a max ] with a min = 75, 100, 125 AU, and a max increasing in increments of 25 AU out to 1000 AU. Mean detection probabilities over the entire sample, as a function of upper mass and outer separation limit, are given in Figure 7 . Mean detection probabilities over P34 targets are typically much greater than the mean over the entire sample due to the superior mass sensitivity of P34 targets corresponding to their relatively young ages. However we find the inclusion of P48 targets provides a favourable trade off between low probability detection and increased sample size which leads to better statistical constraints on the wide giant population.
Binary Bias
We identify 43 targets in our sample as binary stars in the Washington double star catalogue (Mason et al. 2001 ) that have been vetted for true companionship through a proper motion analysis. The inclusion of these binaries, > 1/3 of the sample, may introduce a bias in astrophysical interpretation which we attempt to account for. We recored a null planet detection in these binary systems, which is the basis of our statistical formalism. However the binary companion will have introduced a parameter space of instability in which we would not expect a planet to orbit around its host star. To deal with this and remove the bias from our analysis we use the stability criteria of Holman & Wiegert (1999) to determine the instability regions, for both S-and P-type systems. Many of the binary orbits and companion masses are not well documented, so for algorithm simplicity, consistency and to ensure conservative results, we take the worse-case scenario of an equal mass binary system, which introduces the greatest range of instability. We also assume the latest epoch separation in the Washington double star catalogue to be the true physical separation. This is a reasonable assumption as for a random distribu- Fig. 7 .-Mean planet detection probabilities over P34 and P48 targets as a function of semi-major axis and mass. X axis denotes outer limit a max over which planet separation is sampled with constant a min = 100 AU. Curves are labelled with upper mass limit m max over which planet mass is sampled in units of M J , with constant m min = 0.5M J . tion of binary eccentricities, phases and orientations the most likely true physical separation is given by the projected separation (Brandeker et al. 2006) . We ensure these instability regions are counted as a nondetectable range. We note that the true frequency of wide giant planets around binary stars may be different than that around single stars. This potential frequency discrepancy is possibly due to the influence that a binary companion will have on the planet formation process. Whilst studies have found that binarity has a minimal effect on overall planet frequency (Bonavita & Desidera 2007; Bergfors et al. 2013) , it has been suggested that binary companions with separations 100 AU may result in a decrease in the number of planets formed through enhanced dynamical heating of the protoplanetary disk (Thalmann et al. 2014) . Whilst binary companions with separations 100 AU only account for 12 of the 43 binaries in our sample, an element of bias will be inherent in the statistical result derived from a combined single and binary star sample.
Estimation of Planet Frequency
With the determination of target detection probabilities an upper limit on the frequency of planets hosting wide giants can be derived through the Bayesian approximation;
Where p j is the mean detection probability over N targets and α is credibility level of the derived result which we choose to be 95%. We derive an upper limit on the frequency of planets in the mass range [0.5, 13] M J and the semi-major axis range [100, 1000] AU to be 9%. As no previous survey has probed this parameter space to a similar degree of sensitivity there is no literature comparison to our result. However our low frequency findings certainly support the extension of previous survey findings of low frequency at separations on the on the order or 10 -100 AU (see Table 1), out to 1000 AU separations, and is in general agreement with the theory of Veras et al. (2009) , predicting a low frequency population of 10 2 − 10 5 AU planets at ages > 50 Gyr. Figure 8 shows planet frequency limits as a function of mass over constant separation range 100 -1000 AU. Figure 9 shows planet frequency as a function of separation with a min = 75, 100 and 125 AU over constant mass range 0.5 -13 M J . Whilst this study well constrains the population of 100 -1000 AU planets with masses ranging from 0.5 -13 M J , the planet frequency upper limit increases towards smaller mass and separation limits. This is a deterioration of the population constraint due to bias inherent in the detection technique, where imaging sensitivity, and therefore detection probability, decreases with decreasing mass and separation. However, planet frequency tends to be a smoothly varying function with respect to mass and separation, and Figure 9 shows that at separations 700 AU frequency values tend to be approximately constant, corresponding to the background noise limited regime with approximately constant sensitivity. Thus there is no reason to expect that our choice of [0.5, 13] M J and [100, 1000] AU boundaries are arbitrarily optimistic with regard to reasonably lower mass and separation limits.
Conclusions
In this paper we have presented the results of a reanalysis of two archival Spitzer imaging surveys encompassing 121 targets with varying spectral types and ages. Previously, the large PSF associated with the 0.85m Spitzer telescope diameter has severely limited its capability for directly imaging exoplanets. With the application of PCA we have removed the stellar PSF and opened up sensitivity to planetary mass companions over a broad range of separations. PCA has provided up to a magnitude sensitivity improvement at small separations with respect to conventional PSF subtraction methods, highlighting the strength of the technique, even on a relatively unfavourable data set. Using theoretical mass-luminosity evolutionary models we have shown that we are sensitive to planetary mass companions down to 0.5 M J at separations on the order of 10 2 − 10 3 AU. This parameter space has not previously been systematically explored by imaging surveys to any comparable degree of sensitivity due to anisoplanatism and FOV limitations of ground based surveys, and PSF contrast limitations of space based surveys. Therefore through the coupling of Monte Carlo simulations and a Bayesian analysis, for the first time we have constrained the population of 0.5 -13 M J , 100 -1000 AU planets, producing an upper frequency limit of 9%. This is an extension of findings of low companion frequencies in numerous previous surveys at separations on the order of 10−10 2 AU. Constraining this very wide giant planet population allows for previously untested formation and evolutionary theories to be adapted and constrained. 
